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Abstract

Both voluntary rebreathing (RB) of expired air and voluntary apneas (VA) elicit changes in arterial carbon dioxide and
oxygen (CO, and O,) chemostimuli. These chemostimuli elicit synergistic increases in cerebral blood flow (CBF) and
sympathetic nervous system activation, with the latter increasing systemic blood pressure. The extent that simultaneous
and inverse changes in arterial CO, and O, and associated increases in blood pressure affect the CBF responses during RB
versus VAs are unclear. We instrumented 21 healthy participants with a finometer (beat-by-beat mean arterial blood pres-
sure; MAP), transcranial Doppler ultrasound (middle and posterior cerebral artery velocity; MCAv, PCAv) and a mouthpiece
with sample line attached to a dual gas analyzer to assess pressure of end-tidal (Pgp)CO, and Pg1O,. Participants performed
two protocols: RB and a maximal end-inspiratory VA. A second-by-second stimulus index (SI) was calculated as PrCO,/
Pg1O, during RB. For VA, where PpCO, and PO, could not be measured throughout, SI values were calculated using
interpolated end-tidal gas values before and at the end of the apneas. MAP reactivity (MAPR) was calculated as the slope of
the MAP/SI, and cerebrovascular reactivity (CVR) was calculated as the slope of MCAv or PCAv/SI. We found that com-
pared to RB, VA elicited ~ fourfold increases in MAPR slope (P <0.001), translating to larger anterior and posterior CVR
(P £0.01). However, cerebrovascular conductance (MCAv or PCAv/MAP) was unchanged between interventions (P >0.2).
MAP responses during VAs are larger than those during RB across similar chemostimuli, and differential CVR may be
driven by increases in perfusion pressure.
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Abbreviations PCAv Posterior cerebral artery blood velocity
CBF Cerebral blood flow PrCO,/O, Pressure of end-tidal CO,/O,

CBV Cerebral blood velocity SI Stimulus index (PgrCO,/PgrO,)

MAP Mean arterial blood pressure CVR Cerebrovascular reactivity

MAPR Mean arterial blood pressure reactivity CcvC Cerebrovascular conductance

MCAv Middle cerebral artery blood velocity PaCO,/O,  Partial pressure of CO,/O,
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atmospheric air, the pressure of arterial (Pa)CO, increases
(hypercapnia) and PaO, modestly decreases (hypoxia);
this asphyxia causes significant physiological stress. In
particular, the cerebral circulation is highly responsive to
both hypercapnia and hypoxia, both of which facilitate cer-
ebrovascular dilation and increases in cerebral blood flow
(CBF,; i.e., cerebrovascular reactivity; CVR; reviewed by
Willie et al. (2012, 2014). Hypercapnia and hypoxia also
activate the sympathetic nervous system through stimula-
tion of central (brainstem) and peripheral (carotid body)
chemoreceptors, which increases systemic blood pressure.
Cerebral autoregulation is believed to buffer steady-state
increases in cerebral perfusion pressure stabilizing CBF;
however, the cerebrovasculature is pressure passive to
acute changes, where brief elevations in blood pressure
translate to increased CBF despite autoregulation, tran-
siently increasing cerebral perfusion (e.g., Lucas et al.
2010; Smirl et al. 2015) These periods of hyperperfusion
may be damaging to the cerebral vasculature in popula-
tions with impaired cerebral autoregulation (e.g., individu-
als with sleep apnea), contributing to increased stroke risk
(Urbano et al. 2008).

Battisti-Charbonney et al. (2011) demonstrated that
rebreathing causes a moderate increase in arterial blood
pressure and CBF. They observed that vasodilation and
cerebrovascular reactivity only increased CBF to a plateau.
Once a maximum dilation has been reached, increases in
perfusion pressure, driven by elevated systemic blood
pressure, further contribute to increases in CBF. In
addition, a separate study from our group demonstrated
that muscle sympathetic nervous system (mSNS) activ-
ity is larger during voluntary apneas when compared to
rebreathing at similar blood gas chemostimuli (Busch et al.
2019). Together, these findings suggest that the combined
chemostimuli and augmented sympathetically mediated
increase in perfusion pressure may produce exaggerated
hyperperfusion compared to asphyxic rebreathing. With
that in mind, augmented sympathetic activity may still be
one mechanism linking pathologies such as sleep apnea to
elevated risk of cardiovascular disease.

We aimed to characterize the differential effects of both
asphyxic rebreathing and wakeful voluntary apneas on
blood pressure and concomitant CBF velocity responses
in anterior and posterior cerebrovasculature to (1) evaluate
the effect of RB as compared to VA on MAP and ante-
rior and posterior cerebral artery blood velocity and (2) to
determine the effect of the surges in blood pressure on the
cerebral circulation. We hypothesized that the increases
in blood pressure and thus CBF velocity, would be larger
during apneas compared to rebreathing due to a synergistic
effect of blood gas challenges and sympathetically medi-
ated increases in systemic blood pressure.
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Methods and materials
Ethics and recruitment

This study received ethical approval in advance from
the University of Alberta Human Research Ethics Board
(Protocol #00048741), was harmonized with the Mount
Royal University Human Research Ethics Board (Proto-
col #102663) and abided by the Canadian Government
Tri-Council Policy Statement (TCPS2) for Integrity in
Research, and the Declaration of Helsinki, except for reg-
istration in a data base. Twenty-three young, healthy male
and female participants were recruited. All participants
were free from taking prescription drugs, aside from oral
contraceptives, were non-smokers and had no known exist-
ing cardiovascular, respiratory, or neurological diseases
at the time of the study. Participants were asked to refrain
from ingesting any caffeine or alcohol and engaging in
vigorous exercise for 12-h before the experiment. Timing
of the ovarian cycle was not considered in the recruitment
of females for this study, and data from males and females
were pooled to obtain a large representative sample of the
population.

Once participants were pre-screened and provided
verbal and written, informed and voluntary consent, they
were brought into the laboratory to be familiarized with
the equipment and protocol. Participant recruitment and
data collection overlap investigations on effects of cer-
ebrovascular responses on voluntary-apnea breaking point
(Bruce et al. 2016), mSNS activity during rebreathing and
voluntary apnea (Busch et al. 2019), and methodological
techniques for illustrating voluntary-apnea physiology in
laboratory education (Skow et al. 2015). While the study
by Bruce et al. (2016) was primarily aimed at methodolog-
ical development (utilized in the present study) and quan-
tifying CVR in both the anterior and posterior cerebral
circulations during voluntary apneas, the present study
was focused on comparing blood pressure, cerebrovascu-
lar reactivity, and conductance between rebreathing and
voluntary apneas. Our specific research question and data
collection for the present study were determined a priori.

Instrumentation

Participants sat comfortably in a semi-recumbent position
in a chair throughout instrumentation and data collection.
All data were collected using a 16-channel PowerLab sys-
tem [Powerlab/16SP ML880; ADInstruments (ADI), Colo-
rado Springs, CO, USA] and analyzed offline using com-
mercially available software (LabChart Pro software 7.2;
ADI). Cardiovascular measurements included recording of



European Journal of Applied Physiology (2022) 122:735-743

737

ECG (Lead II configuration) and arterial blood pressure
(finger photoplethysmography; Finometer Pro, Finapres
Medical Systems, Netherlands). Cerebral blood velocity
(CBV) of the middle and posterior cerebral arteries (MCA
and PCA respectively) were recorded simultaneously in
each participant using bilateral transcranial Doppler ultra-
sound (PMD150B, 2 MHz probes, Spencer Technologies,
Redmond, WA, USA or TOC2M, 2 MHz probes, Multigon
Industries, Yonkers, NY, USA). Ultrasound probes were
fixed and stabilized to insonate the MCA and PCA (either
P1 or P2 segments, remaining consistent within partici-
pant) through the right and left anterior temporal windows,
respectively. Standardized techniques were used to locate
and confirm insonation of the two cerebral arteries (e.g.,
probe placement, direction of flow, resting velocities, and
functional tests; Willie et al. 2011). The mean CBV (cm/s)
of both the MCA (MCAv) and the PCA (PCAvV) were cal-
culated as the mean of the peak-velocity envelope recorded
from the transcranial Doppler ultrasound into LabChart.
The breathing apparatus included a nose-clip, mouthpiece,
personal bacteriological filter, and a gas sampling port to
measure continuous CO, and O, percentages using a gas
analyser, which was calibrated daily (ADI ML206). End-
tidal pressures of CO, and O, (Pg1CO, and Pg1O,) were
measured and corrected for body temperature and pres-
sure, saturated with water vapor (BTPS in Torr) using
daily atmospheric pressure (~710 mmHg in Edmonton,
Alberta, Canada). The mouthpiece was attached to a three-
way valve and 6-L rebreathing bag as needed for the vari-
ous rebreathing and breath-hold maneuvers (outlined in
the following subsections).

Experimental protocol

Following instrumentation, participants underwent an ini-
tial baseline period of quiet breathing for 5-min. Due to the
data collection overlap (Bruce et al. 2016), all participants
then underwent an initial rebreathing protocol which was
followed by multiple randomized breathing and breath hold-
ing protocols (outlined in Skow et al. 2015). The subsequent
experimental protocols were separated by 3—5-min washout
periods followed by a 2-min baseline period. For the pur-
pose of this study, only the rebreathing and end-inspiratory
voluntary-apnea protocols were utilized for comparison.

Rebreathing

Participants were coached to pre-fill a disposable 6-L
rebreathing bag with expired air during normal breathing.
After a period of room air breathing (2-min baseline), the
three-way valve was switched to the rebreathing circuit,
and the participants began breathing normally from the
rebreathing bag. They continued to rebreathe until: (1) they

voluntarily terminated the test with a hand signal; (2) their
Pr1CO, reached 65 Torr; (3) their PO, reached 45 Torr;
or (4) the bag deflated. MAP, CBYV, and end-tidal gases were
sampled throughout.

End-inspiratory voluntary apneas

Following recovery, and a 2-min minimal baseline period
during which end-tidal gases were obtained, participants
were coached to initiate a voluntary maximal end-inspiratory
apnea. They were instructed to avoid (1) hyperventilating
before the apnea and (2) performing a Valsalva maneuvre,
to avoid eliciting unwanted cardiovascular reflexes. At the
termination of the apnea, participants exhaled into, and sub-
sequently rebreathed from, the rebreathing circuit for two
complete breaths to sample PpCO, and PO, associated
with the end of the VA. Mean arterial blood pressure and
MCAv and PCAv were sampled throughout, and end-tidal
gases were sampled prior to initiation of the apnea and again
at the end of the VA.

Data analysis

Previously, Bruce et al. (2016) developed and characterized
a method to quantify CBF during apneas, where (1) par-
ticipants are not exchanging gases with the external envi-
ronment, making end-tidal (Pgy) respiratory gas measures
impossible and (2) PaCO, and PaO, are changing simultane-
ously. To circumvent these methodological challenges, (1)
end-tidal PpCO, and PO, were interpolated from the ini-
tial gas values prior to and those at the end of the apneas and
(2) a stimulus index (SI) was calculated (PgCO,/Pg1O,),
thus accounting for the simultaneous but inverse effects of
these gas challenges on CBF (Bruce et al. 2016). This pre-
viously validated method allows for quantification of CVR
during apneas (Bruce et al. 2016), where cerebrovascular
chemostimuli (i.e., PaCO, and PaO,) are changing simulta-
neously at the metabolic rate.

A 1-min mean baseline, at least 1-min prior to each inter-
vention (e.g., rebreathing or voluntary apneas) was averaged
to assess baseline cardiorespiratory variables. Given that
PaCO, and PaO, change simultaneously during rebreathing
and apneas, we calculated a SI as the ratio of Pg;CO,/PgO,
(Bruce et al. 2016). As end-tidal values cannot be meas-
ured during voluntary apneas, Pg;CO, and PO, were
interpolated (s~!') between values just prior to the apnea
and those obtained at apnea termination (i.e., break point).
These interpolated values were then used to calculate the
second-by-second SI values throughout voluntary apneas,
and we used the same SI ranges between the rebreathing
and voluntary-apnea interventions, within individual. Sub-
sequently, we analyzed all variables over a 10-s average bin
at the maximal SI for both interventions. Lastly, we then
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plotted mean arterial pressure (MAP), PCAv, MCAv, MCAv
conductance (MCAv CVC; MCAv/MAP), and PCAv CVC
for both rebreathing and voluntary apneas over the same SI
ranges. The slope of each response was calculated to rep-
resent the magnitude of the MAP, CVR, and CVC, which
was compared between rebreathing and apnea interventions.

Statistical analysis

All baseline variables for both interventions were compared
using a two-tailed paired ¢ test. To compare the cerebro-
vascular responses to rebreathing and voluntary apneas,
MAP, MCAv, PCAv, MCAv CVC, and PCAv CVC were
plotted against the same SI range. The SI range length was
determined by the shortest intervention between either the
rebreathing or voluntary apnea, within-individual, since
termination of both protocols was not time dependent. The
magnitude (i.e., slope) of these responses was compared
between interventions using two-tailed paired ¢ tests. Addi-
tionally, to compare the cerebrovascular metrics at the end-
point SI values of the interventions, two-tailed paired ¢ tests
were utilized. The effect size of the differences was assessed
using Hedges’ g, calculated as the difference between sample
means divided by the pooled and weighted standard devia-
tion. Additionally, following the recruitment and analysis,
since the proportion of sexes were roughly equal, we also
tested for sex differences posteriori. Two-tailed unpaired ¢
tests were used to test for potential sex differences between
interventions for all variables. All statistical tests were per-
formed using GraphPad Prism (v9.1.2), with significant dif-
ferences assumed when P <0.05).

Results

21 participants (11 females, 10 males; 25.2 +4.2 years old;
body mass index of 23.2+3.1 kg/m?) were included in the
final data analysis out of the 23 originally recruited. One
participant was excluded because we were unable to estab-
lish a matching SI range for comparison. A second partici-
pant’s data was omitted due to technical difficulties during
data collection. Baseline resting hemodynamic and cerebral
measurements are represented in Table 1. Of note, the cer-
ebrovascular baseline variables were recovered prior to the
subsequent voluntary-apnea trial, whereas blood gases and
MAP remained mildly but significantly different. Regard-
less of small differences in baseline data between trials, our
data demonstrate significant and large magnitude responses
during interventions, outlined below.

We further compared the extent of each intervention on
the hemodynamic and cerebrovascular parameters by com-
paring within-participant measurements at the end SI point
of each protocol. Both MAP and CVR parameters were
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significantly higher during the voluntary apneas, while CVC
and SI end points for both protocols were not significantly
different (Table 1). However, not all of the parameters had
sufficient time to return to baseline between interventions.

A representative single participant’s raw tracing dem-
onstrating the quantification of hemodynamic responses to
both interventions suggest elevated reactivity (measured
via slope) during the voluntary-apnea protocol, compared
to rebreathing (Fig. 1A-C).

The mean slope of each hemodynamic and cerebro-
vascular response indicates a significant increase in MAP
(n=21; statistical power =0.98), and MCAv (n=21, statisti-
cal power=0.97) and PCAv (n=20; statistical power=0.57,;
Fig. 1D-F; Table 2), during the VA protocol when compared
to the RB. Conversely, MCAv and PCAv CVC (Fig. 2A, B;
Table 2) were not significantly different, suggesting that the
increased CVR may be a consequence of elevated MAP
responses. Analysis performed posteriori of MAP, MCAv,
PCAv, MCAv CVC, and PCAv CVC between sexes yielded
no statistical significance (P >0.1; data not shown).

Discussion

We sought to characterize the differential effects of both
rebreathing and voluntary apneas on blood pressure and its
subsequent contribution to cerebral blood flow in both ante-
rior and posterior cerebrovasculature. Compared to rebreath-
ing, we found around a fourfold increase in MAP slope cor-
responding with larger blood flow velocity responses in
both the anterior and posterior cerebral circulation during
voluntary apneas compared to rebreathing, within simi-
lar ranges of chemostimuli. The elevated hemodynamic
responses associated with VAs can be observed in both the
MAP and CVR slopes (Fig. 1), and the end-point values for
each intervention (Table 1). However, there were no differ-
ences between rebreathing and voluntary apneas in MCA
and PCA CVC, suggesting the larger CVR observed with
voluntary apneas were a result of the larger MAP response
(Fig. 2). Our data highlight cerebrovascular hyperperfusion
during apneas that exceeds that during similar blood gas
perturbations associated with asphyxic rebreathing.

Cardiovascular responses are larger
during voluntary apneas compared
to rebreathing

The mean MAP was markedly increased during the vol-
untary apneas when compared to rebreathing within the
same chemostimuli (i.e., SI) range. This observed hemody-
namic response corroborated previous findings indicating
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Table 1 Baseline values prior to rebreathing and voluntary-apnea interventions

End-tidal gases

Variable Rebreathe Voluntary Apnea P value
PCO, (Torr) 43.1+24 40.5£4.5% 0.005
PO, (Torr) 90.4+4.0 95.2+7.4% 0.002
SI (PgrCO,/PeO,) 0.48£0.04 0.43+£0.07* 0.001
Cardiovascular and cerebrovascular variables

Variable Rebreathe Voluntary apnea P value
MAP (mm Hg) 95.7+8.2 102.0 +8.0* <0.001
MCAV (cm/s) 59.4+13.7 56.8+13.0 0.1
PCAv (cm/s) 40.8+13.2 395+13.3 0.3
MCA CVC (mm Hg/cm/s) 0.62+0.14 0.56+0.13* 0.002
PCA CVC (mm Hg/cm/s) 0.43+0.15 0.39+£0.15* 0.006
Intervention end-point comparison

Variable Rebreathe Voluntary apnea P value Effect size
Duration (s) 72.5+42.0 68.3+44.6 0.6 0.1

P CO, (Torr) 57729 51.3+94 0.008 0.9

PO, (Torr) 48.7+7.0 67.0+£12.6 <0.001 1.8

SI (P CO,/Pe1O,) 0.74+0.2 0.80+0.2 0.23 0.3

MAP (mm Hg) 102.3+10.7 130.6 +14.2%* <0.001 2.3
MCAV (cm/s) 75+18 90.1 £22% <0.001 0.8

PCAv (c/s) 50.2+13.8 61.3+19.9* <0.001 0.6

MCA CVC (mm Hg/cm/s) 0.73+0.16 0.69+0.15* 0.03 0.3

PCA CVC (mm Hg/cm/s) 0.49+0.14 0.48+£0.18 0.35 0.1

Baseline values prior to rebreathing and voluntary-apnea interventions and end-point value upon completion of both protocols. Baseline end-
tidal carbon dioxide/oxygen (Pg;CO,/O,), stimulus index (SI; PgrCO,/Pg;O,) mean arterial pressure (MAP), middle cerebral artery velocity
(MCAV), posterior cerebral artery velocity (PCAv), middle cerebral artery conductivity (MCA CVC), and posterior cerebral artery conductivity
(PCA CVC) values prior to both protocols. Values are expressed as mean + standard deviation. P values were calculated using two-tailed paired
t tests, indicated for each parameter, to indicate the extent of recovery from the rebreathing trial prior to the voluntary-apnea trial. Effect size

calculations were performed using Hedges’ g

*Significantly different from rebreathing

that voluntary apneas further contribute to elevated
sympathetic activation beyond the initial chemoreflex
(Busch et al. 2019). Systemic blood pressure is directly
modulated via increases in sympathetic outflow, which
facilitates increases in both cardiac output and peripheral
vasoconstriction, resulting in an increase in blood pres-
sure (Fisher and Paton 2012). Breathing has a suppressive
effect on sympathetic outflow (Hagbarth and Vallbo 1968),
whereby increased pulmonary stretch receptor feedback
during inspiration suppresses the SNS response to blood
gas challenges (Hagbarth and Vallbo 1968; Steinback
et al. 2010). During both voluntary and non-voluntary
apneas, suppression of SNS activity is not present (Busch
et al. 2019), which was illustrated by the increased MAP
response during VA in our study. These increases in MAP
translate to increased in CBF, independent of chemostim-
uli magnitude.

Elevated cerebrovascular responses may
be a consequence of acute cardiovascular
changes

The relative increases in both MCAv and PCAv between
interventions followed the same trend as MAP, indicating
a significantly larger increase in CBV during the VA pro-
tocol when compared to rebreathing. These findings fur-
ther corroborate the observations of Battisti-Charbonney
et al. (2011), where they found that before reaching the
hypercapnic range (~45 mmHg), both increases in CO, and
decreases in O, levels contribute to vasodilation within the
cerebrovasculature (i.e., CVR). This vasodilation facilitates
a linear increase in CBF proportionate to increasing CO,
during both hypoxic and normoxic rebreathing. However,
upon reaching maximal vasodilation, cerebral blood flow
reaches an asymptote and plateaus. Beyond this hypercapnic
range, SNS activity is augmented via contribution from both

@ Springer
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Fig.1 A-C Representative cardiovascular and cerebrovascular
responses to rebreathing (RB) and voluntary apneas (VA). D-F
Hemodynamic slopes for all subjects. A—-C Mean arterial pressure
(MAP; mmHg) and middle cerebral artery velocity (MCAv; cm/s)
responses to increasing stimulus index (SI; PgpCO,/PgrO,) within
the same CO, and O, range (0.52-0.66) from a single representative
participant. D-F Differences within all participants in mean arterial
pressure slope (MAP slope; mmHg/SI), middle cerebral artery veloc-
ity slope (MCAv slope; cm/s/SI), and posterior cerebral artery veloc-

ity slope (PCAv Slope; cm/s/SI) between rebreathing (RB) and vol-
untary apneas (VA). A RB elicited a 76.9 mmHg/SI change and VA
a 250.1 mmHg/SI change. B RB elicited a 111.9 cm/s/SI change and
VA a 248.6 cm/s/SI change. C RB elicited a 51.5 cm/s/SI change and
a VA 118.3 change. D-F RB slopes were significantly smaller than
that of VA. Dots represent individual participant responses, with lines
connecting each participant between interventions. Bars represent
group means, whereas error bars represent standard deviation. Spe-
cific P values reported on each graph

Table 2 Cardiovascular and

Variable Rebreathe Voluntary Apnea P value Effect size
cerebrovascular slopes

MAP (mm Hg/SI) 37.9+31.8 152.8+125.0%* <0.001 1.3

MCAV (c/s/SI) 73.6+44.9 177.8+116.2* 0.007 0.9

PCAv (cm/s/SI) 54.1+£40.2 107.9+104.8* 0.01 0.7

MCA CVC (mm Hg/cm/s/SI) 0.48+0.33 0.71+£0.73 0.2 0.4

PCA CVC (mm Hg/cm/s/SI) 0.41+0.34 0.52+0.89 0.5 0.2

Iso-point slopes of cardiovascular and cerebrovascular parameters within the same SI range. Mean arterial
pressure (MAP), middle cerebral artery velocity (MCAv), posterior cerebral artery velocity (PCAv), mid-
dle cerebral artery conductivity (MCA CVC), and posterior cerebral artery conductivity (PCA CVC) slopes
over the same SI range (iso-point). Values are expressed as mean + standard deviation. P values were calcu-
lated using two-tailed paired ¢ tests, and effect size calculations using Hedges’ g

*Significantly different than rebreathing

the peripheral and central chemoreceptors, stimulating an
enhanced systemic blood pressure that further contributes
to the chemostimuli-induced CVR, driving cerebral blood
flow beyond the plateau (Battisti-Charbonney et al. 2011).
Our comparison of CBF CVC was to further investigate
the contribution of SNS mediated increases in blood pres-
sure on CBF. The lack of significant differences in CVC in
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the two protocols suggest that the increased CVR observed
during the VAs across the same SI ranges was indeed a con-
sequence of elevated MAP when compared to rebreathing.
Thus, cerebral vasodilation has no, or negligible, influence
on CBF beyond maximal dilation of the cerebral vasculature,
and that augmentation of MAP, via enhanced SNS activity,
is necessary to further increase cerebral perfusion.
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Fig.2 Cerebrovascular conductance (CVC) responses to rebreath-
ing (RB) and voluntary apneas (VA). Comparisons between middle
cerebral artery conductance slope (MCAv CVC; cm/s/mmHg/SI)
and posterior cerebral artery conductance slope (PCAv CVC; cm/s/
mmHg/SI) between rebreathing (RB) and voluntary apnea (VA). A-B

Methodological considerations

Previous literature has shown that both hypoxia and hyper-
capnia modify the metabolic rate. Hypoxia has been shown
to contribute to an initial increase in oxidative metabolism
(Vestergaard et al. 2016), while extreme hypercapnia has
been shown to have a suppressive effect (Bain et al. 2017).
Thus, the initial hypoxia-mediated increase in metabolism
is likely offset by the suppressive effects associated with
hypercapnia (Bain et al. 2017). However, most studies
have explored prolonged exposure to blood gas challenges,
whereas the mean response quantification duration for our
VA intervention was ~ 68 s, normal for untrained individu-
als. Thus, we anticipate that the cerebral metabolic rate
was likely unchanged during our short VA interventions,
suggesting that the assumption of a constant metabolic rate
and linear accumulation of chemostimuli is likely appropri-
ate. However, to our knowledge, the relationships between
hypoxia and hypercapnia and the metabolic rate has not
been explored in shorter repetitive apneas, such as those
associated with obstructive sleep apnea (OSA). Given the
short duration of our apneas and the validation of the SI
technique (Bruce et al. 2016), we suggest that quantifying
a linear increase in chemostimuli (i.e., constant metabolic
rate) is likely a sufficient method to assess CVR during short
duration VA interventions.

Individuals who experience recurrent exposure to
hypoxia and hypercapnia are known to experience altered
functionality and plasticity of the peripheral chemorecep-
tors (carotid bodies; Kumar and Prabhakar 2012; Prabhakar
et al. 2007). Sequential apneic events would more closely
model the chronic apneic nature observed in patients with
OSA and allow for observation of plasticity. Regardless, our
data clearly show that, in healthy humans, VAs elicit larger
MAPR and CVR when compared to rebreathing, suggesting
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RB slopes were not significantly different from VA. Dots represent
individual participant responses, with lines connecting each par-
ticipant between interventions. Bars represent group means, whereas
error bars represent standard deviation. Specific P values reported on
each graph

that chemostimuli are only part of the stimuli leading to
increases in CBF during VAs.

More refined techniques are required to further elucidate
the exact mechanisms contributing to the observed increase
in CBV. It is important to acknowledge that recent findings
indicate that sympathetic nerve activity may affect CBV via
increased cerebrovascular resistance (Tymko et al. 2020).
We also used TCD which may underestimate the effect of
sympathetic and PaCO, related vasoconstriction on CBF
(Ainlsie and Hoiland 2014; Verbree et al. 2014). TCDs
operate under the assumption that conduit (MCA/PCA)
diameter remains constant despite changes in PaCO,, and
thus, velocity is proportional to flow (Ainslie and Hoiland
2014). However, PaCO, has been shown to affect MCA
diameter resulting in an overestimation during hypocapnia
and an underestimation during hypercapnia (Ainlsie and
Hoiland 2014, Coverdale et al. 2014; Verbree et al. 2014).
In the future, MRI or duplex ultrasound could be used for a
more accurate measurements during these inerventions. The
study could also be further refined by giving adequate time
between each protocol and measuring VA during normal
tidal ventilation to avoid additional SNS stimulation from
the unloading of low-pressure baroreceptors during maximal
end-inspiratory VAs (Macefield and Wallin 1995; Macefield
et al. 2006).

Potential clinical significance

Our findings assessing CBF responses to VAs in healthy
individuals may have applications for understanding cer-
ebrovascular control and disease risk in OSA. OSA is
characterized by intermittent bouts of involuntary breath-
ing cessation during sleep. These bouts can last from 10
to 50 s (Flemons et al. 1999), during which PaCO, and
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PaO, parallel the response of a voluntary apnea, resulting
in subsequent changes in blood gases and increases in sys-
temic blood pressure (Foster et al. 2007, 2010). Our data
suggest these swings in blood pressure may contribute to
cerebrovascular hyperperfusion, which may be damaging
to downstream arterioles and capillaries via acute insult
or remodeling (Urbano et al. 2008). In addition, transient
hyperperfusion may result in greater washout of metaboli-
cally derived CO, from the brainstem, reducing central res-
piratory chemoreceptor activation below an apneic threshold
during sleep, potentially predisposing individuals to sub-
sequent apneas (Ainslie and Duffin 2009; Dempsey 2005).

In the context of OSA, the intermittent apnea-related ele-
vation in blood pressure and associated cerebral blood flow
lead to repeated intermittent cycles of transient hypoxia and
hyperperfusion (Balfors and Franklin 1994; Urbano et al.
2008). Intermittent hypoxia is also believed to contribute
to oxidative stress, contributing to impairment of cerebral
autoregulation (Foster et al. 2007). Taken together, impaired
cerebral autoregulation paired with the shearing stress from
intermittent surges in blood pressure and cerebral blood flow
may contribute to vascular damage and risk of ischemic
stroke (Urbano et al. 2008). We believe that the lack of
suppressive effect of dynamic ventilation on sympathetic
activation during apneas is a major contributing factor to
the observed lack of nighttime blood pressure reduction in
OSA patients (Crinion et al. 2019), potentially exacerbating
the cycle of hypertension and cardiovascular-related morbid-
ity and mortality, contributing to elevated stroke risk (e.g.,
Javaheri et al. 2017).

Conclusions

We sought to compare superimposed chemostimuli and
hemodynamic responses between rebreathing and voluntary-
apnea interventions to determine whether apneic episodes
result in larger elevations in CBF. The previously demon-
strated elevated SNS activity associated with voluntary
apneas likely contributes to markedly increased levels of sys-
temic blood pressure and cerebral blood flow during apneas.
Our findings suggest that the absence of dynamic ventilation
during apneas further contribute to elevated systemic blood
pressure, driving CBF beyond what localized vasodilation
to chemostimuli permits.
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